I. INTRODUCTION
Squeezed state is a special class of minimum uncertainty states, whose uncertainty of one of the quadratures is reduced compared to a vacuum state at the expense of the perpendicular quadrature. Because of the special noise properties of the squeezed states, states with a high degree of squeezing are not only one of the most promising methods available to improve the sensitivity of laser interferometer gravitational wave detectors 1,2 but also an important resource to construct entanglement states for quantum information and quantum metrology. 3, 4 A typical method to generate a squeezed state is to use a sub-threshold optical parametric oscillator (OPO). 5, 6 By improving the stability of cavity locking and phase locking and reducing the system loss, high level squeezing was experimentally generated. 7 The Pound-DreverHall (PDH) technique is one of the most effective ways to stabilize the laser phase and frequency in the quantum optics experiment. 8, 9 In the PDH locking setup, the performance of the servocontrol system directly impacts the stability of the OPO, which will cause a limitation to the squeezed degree. Small variations δL in cavity length can influence the squeezing angle and increase the optical losses, leading to a drop in the level of squeezing. 10, 11 Referring to the analysis in Refs. 10 and 11, we present a numerical analysis of the influence of the OPO cavity length variation δL on the squeezing level, which is shown in Fig. 1 . When the OPO cavity is on resonance, δL = 0, the squeezing level reaches the maximum. The squeezing level decreases with the increase of the OPO cavity detuning. The photodetector, as the first stage of the feedback loop, is the key of the servo-control system.
In the experiment of squeezed state generation, 12, 13 in order to obtain the high squeezing level, the OPO operates a) Electronic mail: yhzheng@sxu.edu.cn on the under-coupled condition, which weakens the error signals of locking the cavity and the relative phase of seed light and pump light. Thus, there needs a low-noise, high-gain photodetector to compensate the disadvantage induced from the under-coupled cavity. In addition, in order to meet the requirements for locking the mode-cleaners, the OPO, the relative phase, and so on in the quantum optics experiment, [5] [6] [7] [12] [13] [14] the photodetectors work at the different frequency points between several MHz and one hundred MHz for different locking servo systems. So it requires the photodetectors have an adjustable frequency point.
Numerous photoelectric discriminators use the transimpedance amplification (TIA) circuit as the current-tovoltage converter. [15] [16] [17] [18] The TIA has the advantage of low input current noise. However, it cannot obtain high bandwidth and slew rate at the same time. So we choose a current-feedback operational amplifier (THS3201) as the preamplifier of the photodetector. The operational amplifier has a large bandwidth of 1.8 GHz and a high slew rate of 10 500 V/µs, which meets our requirements.
A resonant circuit can boost the gain at the resonance frequency and suppress these unwanted frequency components, which is benefit of increasing the gain of the photodetector. [19] [20] [21] In our former studies, a high gain resonant photodetector has been obtained for cavity locking and phase locking by utilizing a LC circuit to couple the photodiode to the load directly. 22 A quality factor Q more than 90 at the resonance frequency 58.6 MHz is experimentally observed. While we adjust the resonance frequency to other bands away from 58.6 MHz by changing the inductance, the quality factor decreases, which may come from the inductance variation, loss increase, and so on. At a lower frequency, the reduction of the Q value may come from the increase of the inductance and losses. At the higher frequency, high frequency skin effect is the main cause of Q value decrease. Here we present a modified photodetector design as shown schematically in Fig. 2 . We utilize a special N:1 (N > 1) turns ratio radio transformer to couple the photodiode to the load. The design does not only reduce the electronic noise but also increase the gain of the photodetector. A low-noise, high gain photodetector with the gain of more than 1.8 × 10 5 V/A and the input current noise less than 4.7 pA/ √ Hz is experimentally obtained. By adjusting the parameters of the transformer, the quality factor Q of the resonant circuit is close to 100 over a frequency range of more than 100 MHz, which meets the requirement for weak power detection in the application of squeezed state generation. Compared with our previous work, 22 we analyze the noise feature of transformer-coupled resonant photodetectors, employ a multiple strands winding transformer, and obtain the resonant photodetector with a wide frequency range on the premises of keeping the quality factor Q.
II. THEORETICAL ANALYSIS
Figure 2(a) shows the schematic of the transformercoupled resonant photodetector. The transformer-coupled resonant photodetector has three advantages over the LC-coupled resonant photodetector. First, the transformer-coupled resonant circuit can increase the equivalent transimpedance gain at the resonance frequency. Figure 2(b) gives the equivalent circuit and the noise model of the transformer-coupled photodetector. The inductance value L of the transformer primary is not random but dependent on the resonance frequency,
, where C d is the junction capacitance of the photodiode and f is the resonance frequency. This parallel resonant circuit can be considered as a current-voltage converter. The photocurrent I p is converted into a voltage U p dependent on the impedance Z, which is then amplified by the operational amplifier. The transfer function (frequency dependent impedance) of the parallel resonant circuit can be derived according to the principle of the circuit and RF circuit design. 24, 25 
(
It can be written as a typical band-pass form 26
Here
, R s is the shunt resistance of the photodiode, R 0 is the loss resistance, C d is the junction capacitance of the photodiode, and β = P secondary P primary is the coupling efficiency of the transformer. At the resonance frequency, the imaginary part of Eq. (1) disappears and the impedance reaches the maximum value R Σ . At that time, the transimpedance gain G equals to GnR Σ (Gn is the gain of the operational amplifier). Both the shunt resistance R s and the loss resistance R 0 is far more than the load resistor R L , and it is obvious that the turns ratio N of the transformer increases the equivalent transimpedance gain. 
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Chen, Shi, and Zheng Rev. Sci. Instrum. 88, 103101 (2017) Second, the transformer-coupled resonant circuit can increase the Q value of the transfer function of the resonant circuit. The Q value is an important parameter to evaluate the resonant circuit, which is mainly determined by the load resistor R L , the photodiode capacitance C d , shunt resistance R s , and the transformer (R 0 , N, β). The Q value of transformer-coupled resonant circuit can be expressed as
Referring to the article, 22 the Q value of the LC-coupled resonant circuit can be expressed as Q LC = R L X , where the R L is the load resistance and the X is the impedance of the C d or L at the resonance frequency. Compared with the LC-coupled, if we ignore the influence of the resistances R 0 , R s , and suppose β = 1, the load resistance of the transformer-coupled resonant circuit can be simplified as N 2 R L ; therefore, the quality factor Q tr -coupled of the transformer-coupled resonance circuit is N 2 times as large as Q LC in principle. So the structure of transformer-coupled is benefit of enhancing the quality factor Q of the resonant circuit.
Surely, the Q value can also be improved by increasing the load resistor R L . However, the R L increase does also decrease its shunt current, further reducing the quality factor. Thus, the transformer-coupled design smartly avoids this problem. For the primary of the transformer, its equivalent load resistance is N 2 times that of R L , which can increase the load resistance to N 2 R L . For the secondary of the transformer, the load resistor is still R L , which does not decrease the shunt current. The value of R L we adopted in the experiment is 8 kΩ.
Third, the transformer-coupled resonant circuit can reduce the noise equivalent current and scale up the photocurrent. The main noise sources of the photodetector are the thermal noise in total impedance Z, given by 4KT [Z], and the operational amplifier's noise (input current noise I op and the input voltage noise U op ). To characterize the noise performance of the photodetector, it is convenient to adopt noise equivalent photocurrent I ne which is defined by the condition that its shot noise contribution is the same amount of noise at the output as the rest of the circuit. Here the noise equivalent photocurrent I ne (at the resonance frequency) can be given by 26
Here, e is the elementary charge, K is the Boltzmann constant, T is the thermodynamic temperature, [Z] represents the real part of the impedance Z, and the impedance Z is equal to R Σ at the resonance frequency which can be considered to be equal to N 2 R L for simplicity. The input current noise I op and the input voltage noise U op of the THS3201 are 13.4 pA/ √ Hz and 1.6 nV/ √ Hz, respectively. By simple calculation, we can know that the second term ( I op N ) 2 plays a major role in the circuit. It is obvious that the transformer-coupled circuit can reduce the noise equivalent photocurrent. In addition, transformercoupled circuit makes shot noise of the photocurrent dominate over the current noise from the operational amplifier. 23 Ignoring the terms of the thermal noise and the input voltage noise of the THS3201, the noise-equivalent photocurrent I ne can be calculated (with turns ratio N = 3)
The shot noise limit of the photodetector can be characterized by the ratio y(ω) between the DC photocurrent I p and the noise-equivalent photocurrent I ne which is fitted with the following model: 26 y(ω) = 20 log 10 Figure 3 shows the theoretical relationship between the ratio y(ω) and the DC photocurrent I p . When the DC photocurrent I p is 2 α 1 (α is equal to 1, 2, 3, 4, . . . in turn) times that of I ne , this ratio y(ω) increases regularly 3 dB at the resonance frequency. Here the resonance frequency is set at 34.5 MHz and the Q value is equal to 120.
III. EXPERIMENTAL DESCRIPTION AND RESULTS
According to the former theoretical analysis, four points need to be considered for designing the transformer-coupled resonant photodetector. First, the inductance of the transformer primary matches with the resonance frequency, which means the number of windings is fixed for a given magnetic core. Second, the loss of the magnetic core should be as small as possible to reduce the loss resistance of the transformer. Third, the transformer should have a high coupling efficiency. Fourth, we should separate DC signal from the detected photocurrent to avoid the saturation of the AC path. In order to meet the above demands, we utilize a common core mutual coupling transformer. Its internal structure and physical map are shown in Fig. 4 . The primary and the secondary of the transformer are twined in a common magnetic core. The inductance of the primary can be finely adjusted by changing the position of the core within the coil. A metal shell is used to shield the interference coming from other RF signals. In order to reduce the skin effect, the multiple strands of enameled wire are adopted. The transformer turns ratio N is a key factor of determining the Q value, which should be chosen in terms of the specific circuit. In the ideal case, the greater the turns ratio, the greater the Q value is. However, large turns ratio will reduce the coupling efficiency and also increases the loss in the practical case. Based on the above analysis, we construct the transformers by winding the secondary coil over the commercially available coil inductors. Three commercially available coil inductors are utilized to construct three transformers for different frequency bands application, respectively. But their turn number of windings is manually adjusted as needed. An InGaAs photodiode with the model of ETX500T is adopted as the photoelectric conversion device. The ETX500T has a high quantum efficiency (η 95%) at 1064 nm. Its responsivity η is about 0.75 A/W at 1064 nm and its junction capacitance is 35 pF with a 5 V bias voltage. In a typical PDH setup, the beam reflected from a cavity can be considered as an amplitude modulated beam. This amplitude modulated laser beam is sensed by a photodetector and then fed into the network analyzer. The network analyzer performs a normalized measurement by calculating the ratio between the photodetector output and the internal reference signal. 22 We measured the transfer function of the transformer-coupled photodetector and the results are shown in Fig. 5 . We give three representative resonance frequency points and their corresponding Q values, bandwidth, and coil turns ratio, shown in Table I . These three resonance frequency points are obtained separately by using three different transformers which are restructured by three adjustable coil inductances and suitable for different frequency regions, respectively (also shown in Table I ). The resonance frequency points can be roughly adjusted by replacing the transformer or changing the turns number of the transformer primary and then be finely adjusted by changing the position of the core within the coil or adjusting the bias voltage of the photodiode. The junction capacitance of the photodiode ETX500T can be changed over ten pF by tuning the bias voltage. As a result, the resonant point can be changed about several MHz, which broadens the adjustment bandwidth of the photodetector. In this adjustment process, the quality factor Q and coupling efficiency β should to be kept in mind. Utilizing the exquisite design and fine regulation, an adjustable bandwidth more than 100 MHz with a high quality factor close to 100 can be achieved. The transimpedance gain G can be calculated by G = GnR Σ and formula (3). The G (101.2 MHz) = 1.81 × 10 5 V/A with the L = 160 nH and the Gn = 20. The main reason for the Q value reduction at the high resonance frequency is the decrease of the transformer coupling efficiency and the increase of the coil loss. It may be improved if better transformer material is used. We employ multiple strands of enameled wire to decrease of the coil loss in the experiment.
Another parameter that we focused on is the tunability of the transformer-coupled detector. Figure 6 shows the tunability of one detector. First we measured the peaks of the transfer function (magenta trace) and the Q values (green trace) for different resonance frequencies by changing the core position only. With the magnetic core away from the center of the coil, the inductance value L decreases and the resonance frequency increases. When the magnetic core is away from the center of the coil, both the peak values and the Q values decrease, which do mainly originate from the decrease of the coupling efficiency. The above results also show the Comparing with adjusting the position of the magnetic core, the variation of the peak and the Q value is very small by changing the turn number of the transformer coil. The results show that the broad tuning of the resonant frequency should be obtained by changing the turn number of the transformer coil, and the fine tuning should be achieved by adjusting the position of the magnetic core in order that the high Q value can be kept. Noise power measurement of different laser power P without modulation is shown in Fig. 7 . When the input laser power is 90 µW, the noise power is 3 dB higher than electronic noise power at the resonance frequency (test in 34.5 MHz). So the noise equivalent laser power is about 90 µW, and the corresponding DC photocurrent is 67.5 µA (I p = Pη, η is the responsivity of the photodiode ETX500T, which is about 0.75 A/W at 1064 nm), which is reasonably consistent with the calculated noise equivalent photocurrent I ne = 62 µA. The total input current noise density (It can be regarded as a noise source which is added to the photodiode) can be calculated i n = √ 2eI ne = 4.7 pA/ √ Hz. Besides, when the laser power is 2 α 1 (α is equal to 1, 2, 3, 4, . . . in turn) times that of noise equivalent laser power, the noise power has a regular increase of 3 dB. The noise power is proportional to the DC photocurrent and the laser power. Besides, the noise equivalent photocurrent is constant for a given circuit. So the noise power follows the same rules with the ratio between the DC photocurrent and the noise equivalent photocurrent. The resonant circuit effectively suppresses the noise at other frequencies which is away from the resonance frequency. The noise equivalent power can be lower at wavelengths where the photodiode has higher responsivity or if a new operational amplifier with lower input current noise adopted.
IV. CONCLUSION
The transformer-coupled LC resonant circuit has unique advantages in the photodetector design. It is benefit of increasing the gain of the photodetector and reducing the electronic noise of the photodetector. As a result, we obtain a lownoise, high gain photodetector with the gain of more than 1.8 ×10 5 V/A and the input current noise of less than 4.7 pA/ √ Hz. By adjusting the parameter of the transformer, the quality factor Q of the resonant circuit is close to 100 over a frequency range of more than 100 MHz, which meets the requirement for weak power detection in the application of squeezed state generation. By choosing the operational amplifier with lower input current noise, we wish that a lower noise photodetector can be obtained.
